The silver route to cuprate analogs Commercial AgF 2 is shown to mimic the electronic structure of the parent high-T c superconducting cuprates.
The parent compound of high-T c superconducting cuprates is a unique Mott state consisting of layers of spin-1 /2 ions forming a square lattice and with a record high in-plane antiferromagnetic coupling. Compounds with similar characteristics have long been searched for. Nickelates and iridates had been proposed but have not reached a satisfactory similarity. Here we use a combination of experimental and theoretical tools to show that commercial AgF 2 is an excellent cuprate analog with remarkably similar electronic parameters to La 2 CuO 4 but larger buckling of planes. Two-magnon Raman scattering reveals a superexchange constant reaching 70% of that of a typical cuprate.
We argue that structures that reduce or eliminate the buckling of the AgF 2 planes could have an antiferromagnetic coupling that matches or surpasses the cuprates.
Cuprates are said to be unique materials in that they combine layers of spin-1 /2 magnetic moments coupled by a record high antiferromagnetic interaction, strong covalence between transition-metal (TM) and ligands and no orbital degeneracy. Since the discovery of high-T c cuprate superconductors, there have been several attempts to replicate these characteristics with different TM ions (1) . One proposal has been to use nickel(I) in place of copper(II) (2, 3) .
While LaNiO 2 is isoelectronic and isostructural with the infinite layer parent cuprates it lacks the strong covalent character between the TM and ligand (4) , and antiferromagnetic order has not been found (5, 6) . Sr 2 IrO 4 has many similarities with cuprates including a robust antiferromagnetic order of spin-1 /2 pseudospins. However, the correlated insulator character is much weaker, and spin-orbit coupling effects dominate (7, 8) .
Another obvious possibility is to move down the periodic table from copper to silver (Fig. 1) .
The electronic structure of silver oxides was explored in the early times of high-T c (9) . However, the second ionization potential of silver is nearly 1.2 eV larger than the one of Cu. Therefore, for a compound like AgO (which is formally d 9 ) it is convenient to transfer electrons from the filled oxygen shells to the TM (Fig. 1b) . Thus, AgO shows no magnetic ordering as opposed to the formally isoelectronic CuO (Fig. 1a) . The larger ionization energy of silver can be compensated by a right step in the periodic table replacing oxygen by the more electronegative fluorine (Fig. 1c) .
Fluoroargentates have been scrutinized some years ago (10, 11) . Cs 2 AgF 4 is structurally similar and isoelectronic with La 2 CuO 4 (the so called "214" family). However, alternating orbital ordering stabilized by small structural distortions leads to ferromagnetic intra-sheet interactions instead of the robust antiferromagnetic order of cuprates (12, 13) . Large superexchange constants have been predicted in many fluorargentates (14) and static susceptibility measurements in a quasi-one-dimensional system suggest a superexchange constant of the order of that found in the cuprates (15 (20) .
As a minimal model of the electronic structure we consider one d x 2 −y 2 orbital centered on the TM (as in cuprates (21)) and two p orbitals on the F-sites (one more than the cuprates). p
indicates the p-orbital parallel to the TM-TM bond, while p z is perpendicular to the bond but also mixes with the d In order to further test the analogy we have experimentally studied high quality powder samples of freshly prepared AgF 2 (see Methods). Crystallinity was verified with powder X-ray diffraction which resulted in a spectrum with similar characteristics but less impurity signatures than a commercial sample (see Methods and Supplementary Fig. S5 ).
Specific heat measurements reveal that only about 5 % of the maximum possible entropy change R ln(2) occurs around the Neél temperature (see Methods and Supplementary Fig. S6 ).
This is consistent with a quasi two-dimensional antiferromagnet where short range in-plane correlations set in at much higher temperatures than the three-dimensional Néel temperature.
An electron pramagnetic resonance signal was searched for over a wide range of temperatures.
However, despite several efforts, it was not found. This is also analogous to the situation in the cuprates and points to strong antiferromagnetic interactions (see Methods). Vibrational spectroscopy (Raman and infrared) shows phonon modes in good agreement with the prediction of hybrid-DFT, validating the latter computations ( Supplementary Fig. S7 ). In addition, the detailed phonon assignment (see Supplementary Methods and Supplementary Table 1 ) allowed us to check the integrity of the sample under the laser spot and to exclude impurity phases or photochemistry byproducts .
For high Raman shifts, we detected a broad band centered at 1750 cm −1 at room temperature which hardens and becomes narrower on cooling Fig. 3a . The temperature dependence is very similar to the one for two-magnon Raman scattering in cuprates (26) . This allows to identify unambiguously this line as due to two-magnon Raman scattering in AgF 2 . Comparing with cuprates we deduce that the antiferromagnetic exchange in this compound is J AF = 70 meV, confirming the expected large antiferromagnetic interaction. The robustness of two-magnon Raman scattering well above the Néel temperature confirms also strong short range antiferromagentic correlations, also like in cuprates. planes. We have estimated using DFT that such compounds should have an antiferromagnetic J which is more than twice the one of commercial AgF 2 (see Methods and Supplementary   Table S3 ) and, assuming a magnetically driven mechanism (30), could potentially lead to superconducting critical temperatures higher than those exhibited by cuprates. 
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Figs. S1 to S7 Tables S1 to S4 References ( Schematic energy levels of cuprates and argentates in an ionic picture. All levels are assumed to be referenced to a common zero energy vacuum so that the 3d 9 → 3d 10 (4d 9 → 4d 10 ) level is located at minus the second ionization energy of Cu (Ag). a Levels for CuO and La 2 CuO 4 . Cu is in the d 9 configuration. Electron addition (3d 9 → 3d 10 ) and removal (3d 9 → 3d 8 ) energies from Cu correspond to the centroid of the upper and lower Hubbard bands while removal from filled oxygen corresponds to the valence band. The charge-transfer energy ∆ CuO and the Hubbard U 3d parameter are indicated. b In the case of AgO, silver is formally d 9 . However, since the 4d 9 → 4d 10 levels are deeper than the 3d counterpart, the charge-transfer energy is practically zero or even negative, and the pictured filling is unstable towards more complex mixed valence behavior (yellow arrow) (9) . c Fluorine is more electronegative than O which translates into deeper 2p 6 removal states and restores a positive charge-transfer energy in AgF 2 . b Figure 3 : Two-magnon Raman spectra of AgF 2 a Temperature dependence for excitation energy 1.17 eV. We also show the low temperature two-magnon line shape for the parent cuprate compound EuBa 2 Cu 3 O 6 (EBCO) after Ref. 26 . The upper scale corresponds to EBCO while the lower scale corresponds to AgF 2 (present work). Curves are labeled by the temperature in Kelvin. Comparing the energy scales in a we obtain that J AF = 0.7J EBCO which yields J AF = 70 meV for AgF 2 . A linear background was subtracted to the spectra at 80K and 115K but not the the RT spectrum which was measured using a different machine (see Methods). Spectra at different temperatures/apparatus was normalized with the phonon lines as shown in the inset. b We show data for AgF 2 at various excitation energies. For the 2.41 eV laser line two temperatures are reported. Dashed lines are estimated non-magnetic backgrounds which are well defined at high energy but can not be uniquely defined at low energy.
